This review article is written on the investigations of nanomechanical properties of coatings by using nanoindentation techniques. The focus is on the studies that were conducted on epoxy polymer, silicones and their hybrid materials. The article describes a large number of developmental studies that are conducted on coatings. Materials properties such as nanoindentation hardness, modulus, scratch, wear and viscoelastic behavior have been described. Moreover, the article summarizes various studies that mention the use of different nanoparticles in coating formulations that could improve the mechanical strength and service life span of the coatings. The mode and mechanism of material's failure has been outlined and discussed.
Introduction
The strength of conventional polymers can be evaluated using a universal testing machine operating in tensile or compressive mode. The thin coatings or films that cannot be removed from the substrate can be tested using the nanoindentation technique. The use of indentation technique to determine the mechanical properties of materials was realized in late 1950 [1] . During a nanoindentation test, a nanoindenter head of known geometry is pressed into the surface with a predefined load or depth of penetration and the resultant affected area is recorded. The ratio of load over area determines the value of nanoindentation hardness. The basic nano-mechanical properties obtained from the nanoindentation tests are elastic modulus and indentation hardness of the material. Several nanoindentation test methods are available that can determine fracture toughness, creep, storage and loss modulus, yield stress, as well as interfacial and surface adhesion. Similarly, the tribological behavior of surfaces, such as a scratch or mar resistance, friction coefficients, and wear performance can be obtained [2] .
A wide variety of coated and bare substrates have been tested in past few decades. The mechanism of deformation of soft coating on hard substrates [3] , hard coatings on soft substrates [3] [4] [5] , soft coating on soft substrates [6, 7] , or hard coating on hard substrates [8] , have been broadly established. Several review articles, have been written on the nanoindentation techniques so far [9] [10] [11] [12] [13] [14] but none of them focused on hybrid silicone or hybrid epoxy coatings. This review summarizes the nanomechanical studies that are reported on hybrid silicone and epoxy coatings.
Theory
This section briefly describes the theoretical concepts associated with the instrumented nanoindentation technique (IIT). Standard IIT equipment (Figure 1 ) consists of three basic components: an actuator to apply force, an indenter mounted to a rigid column through which the force is applied on the sample and a sensor that measures the displacement of the indenter [15] .
IIT equipment can generate required forces electromagnetically using either coils and magnets or capacitors that have fixed and moving plates. In some cases, the piezoelectric actuators can be used to generate small forces. The indenters used in IIT are selected according to the information that is being collected. The indenter may have pyramidal, spherical, cube corner or conical geometry. A pyramidal shaped Berkovich indenter is most common in acquiring the nanomechanical data. The displacement in IIT can be recorded using capacitive sensors. properties of the coated material are least affected by the substrate when determined from the 10% of the thickness of the coating [13, 16] . In a typical nanoindentation experiment, the indenter makes contact with the material surface and then penetrates to a depth or load. A nanoindentation curve is plotted for load as a function of displacement of the indenter and shows loading and unloading pattern (Figure 2) . Any inconsistency observed in the curve indicates cracking, delamination or another failure in the coating. Figure 2 shows the unloading process and parameters associated with the contact geometry. The depth of penetration is considered to be displacement into the sample. The hardness and modulus values are determined as discussed in following section.
Hardness and Young's Modulus Analysis
The load and displacement curve can be used to determine the hardness and elastic modulus of the material [17] . The hardness H of the material is determined by dividing maximum load P max by the projected contact area A of the indenter at maximum load as shown in Equation (1).
For ideal indenter geometry (Figure 3) , the projected contact area, A can be determined from the contact depth h c at maximum load P max such as in Equation (2) .
The value of c 0 depends on the indenter tip. For example, the value of c 0 is 24.5 for the Berkovich pyramidal diamond tip. In the load vs displacement curve, the contact depth h c , is different from maximum indentation depth h max at the maximum load due to the elastic deformation of the area around the indenter head. The contact depth is given in Equation (3).
where, S represents stiffness that can be calculated from the slope of the unloading curve at the maximum load.
The value of  is 0.75 for the pyramidal indenter.
The calibration of indenter shape is critical in determining the hardness of the material. Fused quartz silica is used for the calibration of indenter tip because the mechanical properties of the fused quartz are known. The stiffness S max is obtained from load-depth curves and assuming that the elastic modulus of the fused quartz is constant, the projected contact area A can be obtained as a function of stiffness S max as given in Equation (4). The coating performance depends on its ability to resist mars and scratches. Researchers have proposed several techniques and test methods; however, none of them are as precise as the nanoscale scratch testing, which uses an instrumented nanoindenter. The scratch test helps determine the mechanism that causes the deformation of materials as well as the delamination of coatings.
In a typical scratch experiment, a ramp load is applied to an indenter head in the normal direction as it simultaneously moves on the sample surface in a lateral direction. The instrument controls the normal force and lateral displacement of the indenter, while the lateral force and normal displacement are recorded as a function of time. Critical information such as the coefficient of friction, cross profile topography, residual deformation and pileup of material during the scratch can be obtained as a function of scratch distance.
Dynamic Mechanical Properties
The viscoelastic behavior of coatings can also be investigated using nanoindentation technique [18] . The stressstrain relationship of the materials displaying linear viscoelastic properties under sinusoidal loading is shown in Equation (8):
where  is the stress,  o is the strain amplitude,  is the angular frequency and t is the time elapsed. Rearranging Equation (8) we get Equations (9) and (10):
and
where  o is the stress amplitude,  is the phase lag between stress and strain and E and E are storage and loss modulus respectively. The term E represents the capacity of material to store energy, a component that is in phase with the applied load or displacement. The term E represents the capacity of material to dissipate energy, a component that is 90˚ out of phase with the applied load or displacement. The ratio E/E represents tan  , also called loss factor, and is used to measure the damping characteristic of a linear viscoelastic material. The value of E and E can be used to calculate the complex modulus through the Equations (11) and (12):
In order to determine the value of E and E from a dynamic nanoindentation experiment, the equipment supplies a controlled load to the indenter head that sets the load amplitude, while the displacement amplitude and phase angle are measured [19] . At each test site, the indenter head contacts the material's surface. The indenter vibrates at a certain frequency, and the resulting response is measured. The contribution of instrument to the total response is then subtracted to determine the response from the material.
Background and Literature Survey
The nano-mechanical properties of coatings can be influenced by the coated substrate, so it is wise to consider the indentation data when the indenter penetration depth is approximately 10% of the coating thickness. When a coating is subjected to an indentation experiment, several different types of damage may occur as the load on the indenter increases. For example, the coating may delaminate due to a loss of contact between the coating and its substrate or brittle coatings may fracture. These failures can be used to determine the fracture strength, toughness as well as residual stresses of both the coating network and its interface with the substrate.
Investigations on Epoxy Based Coatings
The epoxy resin based coatings have been used for a long time on a wide variety of substrates. These coatings have a tendency to adhere to the substrate through mechanically created anchoring sites. The large polymeric chains in such coating composition allow formulators to accommodate desired pigments and fillers. However, such polymer coatings consist of defect sites such as pinholes, holidays and cavities that enable the diffusion of mois-ture which in turn lead to premature failure of the material. Considerable research has been conducted on such coatings. The proceeding paragraphs describe the studies conducted on an epoxy coating using IIT.
Davies et al. [20] studied the nano-mechanical behavior of epoxy adhesive joints with varying thicknesses that were bonded to aluminum substrates. They used the nanoindentation technique to understand different aspects associated with the joint interphase such as modulus of the joints and substrate/adhesive. They found that the modulus value drops from 70 GPa corresponding to the aluminum substrate to 2 GPa corresponding to the adhesive layer. Authors however, concluded that nanoindentation studies were insufficient to monitor the presence of the interface region between the adhesive and substrate.
Shi et al. [21] added 1 wt% nanoparticles of Zn, SiO 2 , Fe 2 O 3 and halloysite clay in a commercial epoxy resin. The authors noticed that the epoxy coating containing SiO 2 nanoparticles displayed significant enhancement in Young's modulus measuring up to approximately 2.5 GPa compared to 250 MPa in pristine epoxy coating. However, the other modified nanoparticle coatings did not show enhancement in the stiffness value. Similarly, approximately 30% of an increment in Young's modulus was obtained for nano-Zn modified epoxy coating while the nano-Fe 2 O 3 and nanoclay modified coatings showed a 25% to 30% decrease in Young's modulus value compared to that of the unmodified epoxy coating.
In another study, Woo et al. [22] investigated the residual mechanical properties of epoxy-organoclay nanocomposites after they were exposed to moisture and UV light. They recorded an increase of up to 8% in flexural modulus upon adding 5 wt% organo-clay, but the flexural modulus decreased gradually with an increase in time of exposure to moisture. Similarly, the tensile modulus increased with the incorporation of clay, but the strength and failure strain decreased due to clay aggregates, voids and different cure kinetics affected by the presence of organoclay. Also, tensile strength decreased after 250 h of UV light exposure. Their micro-hardness experiment suggests that hardness increased with embrittlement, but after UV light exposure, the nanoindentation modulus decreased systematically.
Li et al. [23] analyzed epoxy resin containing various percentages of coiled carbon nanotubes and single-walled carbon nanotubes using the nanoindentation technique. They found that the hardness and modulus values of nanocompsites increased with the increase in nanotube concentration. Additionally, it was seen that the hardness and elastic modulus was consistent for different concentration of carbon nanotubes, indicating a uniform dispersion of carbon nanotubes in nanocomposite. Similarly, Kardar et al. [24] synthesized an epoxy acrylate resin containing different multifunctional acrylate monomers cured under UV radiation. Suspension of nano-alumina in tripropyleneglycoldiacrylate was also added to the formulation. The resulting nanocomposites were investigated using nanoindentation and nanoscratch techniques. They found that nanocomposites containing nano-alumina displayed less hardness and increased elastic behavior compared to that of pristine resin.
Addition of nanoparticles in the coating formulation reportedly improves the scratch resistant of the coating. For example, Wu et al. [25] incorporated colloidal silica in the coating formulation that was prepared with 3-glycidoxypropyltrimethoxysilane, tetraethylorthosilicate and ethylenediamine (EDA). The cross-linking density, hardness, fracture toughness and elastic modulus were increased on addition of EDA and colloidal silica. Also, authors found that pencil hardness could be increased from 2B to 5H by increasing the number of layers and thickness of the coating.
In another study, coating formulations were prepared by reacting diglycidyl ether of bisphenol-A (DGEBA) and isophorone diamine. The coating was modified with nanoalumina, silanized nanoalumina, and organo-modified montmorillonite nanoclay. Authors found that nanoindentation hardness value increased marginally on addition of nanoparticles. Moreover, a significant improvement in wear index was achieved in case of coating formulations containing grafted alumina and nanoclay. The nanoscratch was generated with the cantilever operating in atomic force microscopy mode. A significant improvement in scratch resistant was notice in the modified coatings [26] . Similarly, thin pristine epoxy coating was applied on aluminum surface and tested using Berkovich nanoindenter (Figure 4) . The scanning electron microscopy (SEM) was used to understand various modes of failures in the coating [27] .
The wear resistance of epoxy nanocomposite coating containing nano-TiO 2 and other organic fillers was studied by Chang et al. [28] [29] [30] . Authors found that addition of nano-TiO 2 reduces the friction coefficient but increased the wear resistance and load bearing capacity.
The visco-elastic properties of epoxy nanocoatings containing nanosilica were studied by Zhang et al. [31, 32] . The volume fraction of nanosilica in nanocoatings was varied between 1 to 14 wt%. The changes in viscoelastic properties of nanocoatings as a function of nanoparticle concentration, frequency and penetration load were recorded. Authors found that storage modulus of the material increased with the frequency and concentration of nanofiller. The loss tangent on the other hand displayed initial increment followed by decreasing behavior with frequency. It was postulated that there is a critical frequency value that corresponds to the glass transition temperature of the material. Moreover, the loss tangent was not affected by the nanofillers but the matrix. In another study that was conducted on pristine epoxy and nano-TiO 2 modified epoxy coatings, the storage modulus remained unaffected of nanofillers ( Figure 5) . The loss modulus however, increased slightly with frequency that was possibly due to higher loading rate [27] .
Investigations on Hybrid Silicone Coatings
Hybrid materials that contain higher organic branching points for crosslinking reactions displayed higher H values than do linear polymers [33] . In a study, the reduced modulus, and reduced hardness varied through the different layers of the coating [34] . High value of reduced modulus and reduced hardness were recorded at the surface due to a condensed morphology. Lower values were recorded in the bulk due to a porous structure while values increased again at the coating-metal interface due to a denser structure [34, 35] .
In hybrid coatings, compositions with higher organic content cause segregation in the network, resulting in high-silica regimes surrounded by hydrocarbon-rich regimes. These coating networks displayed different mechanical properties than did the pristine silica network. A silica-rich coating based on tetraethoxysilane (TEOS) display near elastic behavior while a hybrid glycidoxypropyltrimethoxysilane (GTMS) coating displayed increased penetration on loading and almost complete recovery during unloading. The TEOS coating showed the smallest amount of creep due to a densely packed, rigid silica network while the creep was higher for the GTMS coating due to the viscoelastic flow and relaxation processes associated with the long chain hydrocarbon-rich domains. Young's modulus also decreased with the increase in organic portion in the backbone of the coating structure. In fact, the modulus of GTMS was 25 times less than that of TEOS [36] .
The nanomechanical properties were determined on quasi-ceramic high-silicone content coatings (QC) that were aged for three months on three different aluminium alloy substrates (Figure 6 ). In another nanomechanical scratch test, cracks grew in a silicone ceramer (CR) coating on a 6061Al substrate due to the propagation of the indenter head. The coating cracks were perpendicular to the direction traversed by the indenter head. The length of the cracks increased in proportion to the force on the indenter and to the penetration of the nanoindenter through the thickness of the coating. Delamination and peeling occurred when the load on the indentation head exceeded the force required to hold the molecular segments in the coating. The results indicate that the degree of plastic deformation in the coating was limited, which is characteristic of the highly cross-linked coating [39] .
Coatings applied on substrates can display lower mechanical properties with elevated-temperature curing if ions from the substrate diffuse and accumulate in the coating, modifying its structure. Residual stress values suggest that the coatings are put under stress when the substrate restricts coating contraction due to shrinkage. Additionally, the higher coefficient of thermal expansion of the coating compared to that of the substrate contributes to more residual tensile stresses after cooling. Coatings containing photo-curable groups have shown compressive residual stresses with UV light curing, suggesting that the effect of shrinkage due to drying is much less than with UV curing [40] .
Mirabedini et al. [41] studied the silicone elastomer coatings containing TiO 2 . They investigated the effect of TiO 2 on the modulus, hardness, tensile strength and abrasion resistance of resultant silicone elastomer coating. They also studied the effect of TiO 2 on the adhesion strength of the coating that acted as a top layer. The results were correlated with the mechanical properties of silicone elastomer coating. They found that the incorporation of TiO 2 pigment affected the mechanical properties of the resultant coating. The changes in the properties were a function of the volume fraction of the incorporated pigment. The increase in pigment loading resulted in an increase in the elastic modulus, hardness, tensile strength and abrasion resistance. Similarly, the energy required to break the coating increased. However, there was a decrease in the elongation at fracture. An increase of approximately 15% was observed in mechanical properties except the hardness increment was only marginal. The adhesion strength of the coating also increased with the increase in pigment concentration to 10 wt%, possibly due to an increase in cohesive strength as a result of an increase in tensile strength and modulus values. However, the adhesive strength of the coating reduced when the concentration of TiO 2 increased beyond 10 wt%, probably, because of the agglomeration of the pigment at a higher loading.
Tanglumlert et al. [42] prepared a hard coating suspension to improve the scratch resistance of polymethylmethacrylate surface. A coating solution was formulated by reacting silatrane with GTMS in the presence of an acid catalyst. They found that the scratch resistance of the coated surface increased with the increase in alkoxysilane content in the coating. They also discovered that the curing time and curing temperature affected the scratch resistance and adhesion properties of the coating layer.
Similarly, Antanacio et al. [43] measured mechanical properties and adhesive strength of hybrid sol-gel coating. They found that an increase in the chain length of the organic modifier resulted in an increase in the hardness and elastic modulus of the final film. Cracking characteristics of the coating dropped due to the increase in flexible linkage as a result of an organic modifier. The toughness value of organically modified coating decreased due to a lower Young's modulus, while the adhesion improved. They proposed that the organosilane in the coating composition contributed to the dissipation of the energy required for cracking due to a large cohesive zone and the ability of the film to deform visco-elasticcally at high strains.
Etienne-Calas et al. [40, 44] studied two different organic-inorganic coatings on silicone and glass substrates. They prepared the coatings through a sol-gel procedure and deposited them on substrates using the spin coating technique. The first coating composition was formulated using methyltrimethoxysilane, colloidal silica and TEOS, while the second composition was based on 3-(trimethoxysilyl) propyl-methacrylate. At lower loads, authors determined the coating hardness and modulus values from indentation curves. At higher load values, propagation of cracks were used to determine the coating toughness, residual stress and interface toughness, while energey analysis was used to study chipping and delamination in the coating. It was also found that mechanical properties of the coatings were influenced by the rapid diffusion of the sodium ions into the coating from the glass substrate.
Esfandeh et al. [45] reported a study on the adhesion behavior of several silicone modified epoxy coatings. A three layered coating assembly of approximately 200 µm were applied on a 1050 aluminum alloy. The effect of different silanes on the adhesive strength of the coating was studied using a pull-off test and a scanning electron microscope. Based on their observations of gel time, failure mode and adhesive strength, authors concluded that the coating assembly consisting of 50/50 siliconeepoxy ratio in the intermediate layer displayed the best results among the compositions. Scanning electron micrographs and immersion experiments in sea water confirmed the excellent adhesion of the layered coating on the aluminum surface.
Kohl et al. [46, 47] tested two sets of duplex coatings each with the same topcoat but different bond coats over steel panels. Nanoindentation and scratch tests were performed on the coating of thickness between 65 μm and 485 μm. It was also discovered that the topcoat layer had an indentation modulus of 2.7 MPa and irrecoverable energy of 11%. Similarly, one bond coat displayed an indentation modulus of 3.9 MPa with 9% irrecoverable energy, while the other bond coat showed an indentation modulus of 155 MPa with 54% irrecoverable energy. Fracture mechanics and inelastic deformations of the coatings were also studied. Critical tensile stress that was required for tearing off the coating was used to develop a theoretical model. The model predicted the critical value of load when the failure occurred. Kozuka et al. [48] studied the changes in residual stress on alkoxide-derived silica and titania films coated on the glass substrates. It was seen that residual tensile stress increased with the increase in the curing temperature of the coating. Also found that the cracking tendency of the coating decreased as the thickness increased and the heating rate decreased. Interestingly, it was realized that adding an organic polymer to the coating composition helped create a crack free coating.
Kim et al. [49] prepared the coating compositions by reacting vinyl terminated polydimethylsiloxane with tetrakis(dimethylsiloxy)silane in the presence of a platinum-divinyltetramethylsiloxane complex. Authors have used a statistical, experimental design, to study the effect of different chemical constituents on resultant shear stress in the coatings. It was noticed that the modulus of the coating varied with the thickness of the coating and that the shear rate was dependent on the modulus of the coating.
Chen et al. [50] studied AlOOH boehmite nanorods incorporated GTMS sol-gel coating. The nanorod concentration up to 40 wt% was utilized in the coating composition and was applied over a glass substrate. Authors recorded lower modulus and hardness values in the nanocoatings than in a commercially available coating composition containing boehmite nanoparticles. The hardness and modulus values for nanorod filled coating were 8.86 GPa and 0.83 GPa, while those of nanoparticles filled coating were 9.88 GPa and 0.98 GPa. The coating composition containing nanorods with an aspect ratio of approximately 20 displayed significant improvement in the crack toughness, which was achieved by incorporating nanorods with a high aspect ratio. The orientation on nanorods in the composite coating contributed to the anisotropic toughness. The enhanced toughness was considered as an outcome of the formation of chemical bonds between boehmite nanorods and the coating.
Hu et al. [51] studied hybrid coatings synthesized by the hydrolytic condensation of (3-methacryloxypropyl) trimethoxysilane or vinyltrimethoxysilane, with 5 -30 wt% TEOS, in the presence of formic acid. The coating of thickness between 600 and 800 nm was applied on glass substrate by the dip coating technique. The authors used IIT to find the hardness and modulus values of the coatings. It was noticed that coating compositions based on (3-methacryloxypropyl) trimethoxysilane and 20 -30 wt% TEOS exhibited a 0.5 GPa hardness value and a 0.07 GPa brittle index.
Sakai et al. [52] used a microindentation load relaxation technique to study the linear visco-elastic stress relaxation phenomenon in sol-gel-derived phenylsilsesquioxane film coated on a soda-lime glass plate. In this study, thick coatings of approximately 20 µm were used to eliminate the effect of the substrate on the measured relaxation properties. Moreover, a stepwise penetration was used on the coating until the depth of about 1.4 µm, followed by the load relaxation measurement as a function of time. The effects of coating processing parameters on the rheological transitions of the coatings were studied. The authors found that the evolution of silicone clusters and chain networks during the sol-gel processing stage significantly affects the rheological transitions in the coating.
Innocenzi et al.
[53] prepared hybrid organic-inorganic materials from acid catalyzed sols of TEOS, GTMS, as well as titanium or zirconium alkoxides and measured the mechanical properties using Knoop microindentation and a 3 point bending test method. The modulus values calculated for the samples heated to 125˚C for 120 h was found between 3 and 5 and 1 and 2 GPa for the samples synthesized with titanium butoxide or zirconium butoxide, respectively. However, modulus values increased with an increase in heat treatment time. The fracture toughness value was in the range of 0.4 -0.5 MPa·m 1/2 for samples treated for 168 h at 125˚C.
Amerio et al. [54] formulated hybrid coating by a dual curing process that combined sol-gel reaction with UV light induced polymerization. Authors incorporated bisphenol-A ethoxylate dimethylacrylate as an organic binder, methacryloxypropyl-trimethoxysilane as coupling agent and TEOS as crosslinker. The preformed silica nanoparticles were used in the formulation in place of TEOS for comparison. The coating curing procedure that employed UV light and sol-gel curing demonstrated high scratch resistance, while the composition containing pre-formed nano silica showed poor scratch resistance, severe cracking and large plastic deformations.
Douce et al. [55] performed nanoindentation experiments on silicone coatings containing various surface modified silica nanoparticles of different sizes ranging from 15 nm to 60 nm. The authors found that Young's modulus of the coatings increased with the increase in silica nano-fillers. However, the scratch resistance of the coating decreased with the addition of nano-fillers, proba-bly due to a weak interaction between inorganic fillers and the coating network. In an interesting study Qi et al. [56] investigated the effect of hydrogen concentration on hardness of film that was prepared by reacting TEOS and methyltriethoxysilane. A significant increase in hardness was observed with the decrease in hydrogen concentration. When the film was irradiated with H + or 2 N  , the polymerization increased with hardness value. The FTIR spectra displayed continuous decrease in -C-H band intensity that was consistence with the loss of hydrogen due to irradiations.
Robertson et al. [57] investigated the hardness and modulus value of hybrid epoxy resin composition containing TEOS and GTMS. Authors cured one composition at higher temperature while other formulation was crosslinked with amine and followed by thermal curing. They found that when coating was heated at higher temperature, the hardness value increase up to 1.6 GPa while modulus value increased up to 15 GPa. However, coating composition containing amine crosslinker did not show significant improvement in mechanical properties even after elevated temperature curing.
Ballarre et al. [58] studies sol-gel coating that was prepared by reacting tetraethoxysilane and methyltriethoxysilane. Authors evaluated the nanomechanical properties of coating containing variable amount of silica nanoparticles. It was found from nanoindentation tests that hardness and modulus of coating increased with the increase in silica nanofillers. Moreover, scratch resistance increased on addition of 30 wt% nanofillers. Similarly, Nemeth et al. [59] studied the nanomechanical properties of sol-gel coating derived from glycidoxypropyltrimethoxysilane and/or methyltrimethoxysilane and containing silica nanofillers. The nanoindentation technique was utilized to evaluate the hardness and modulus values of the coating as a function of coating composition and heat treatment. It was suggested that hardness of the coating could be increased by increasing the amount of methyltrimethoxysilane in the coating composition. Moreover, significant increment in hardness was achieved in coatings that were cured to 155˚C. Hu et al. [60] studied the effect of titanium tetrabutoxide on nanomechanical properties of silsesquioxane (SSO) coating. A bilayer SSO coating was prepared by reacting GTMS, 20 wt% TEOS and variable amount of titanium tetrabutoxide (TTB). The nanoindentation and nanoscratch tests were performed on the two-layers that showed different hardness values for each layer. The maximum hardness value was achieved in the formulation containing 20 wt% TTB. The scratch tests showed inconsistent results that represented the contribution from both the layers of the coating.
The use of nanoindentation technique to determine the viscoelastic behavior of coatings is relatively new and yet to be explored in great detail [61] . Kohl et al. [62] investigated the viscoelastic properties of three proprietary silicone-based coatings using continuous indentation technique. Authors concluded that the calculated parameters would help in developing more durable silicone based foul release coating compositions
Conclusions and Future Prospects
The epoxy based coatings have been widely used in variety of applications due to the extreme tendency of epoxy group to form stable adhesive linkages. However, epoxy coatings are often associated with microporous network and therfore delaminate on exposure to moist conditions. Contrary to epoxy polymer, pure silicone coatings have dense network. However, the adhesion of such silicones is dependent on the presence of reactive functionalities such as epoxy or carboxyl groups. The studies have suggested that hybrid materials display better mechanical properties compared to the pristine polymers. It was also found that crosslinking density in hydrocarbon regime of the coating increases the stiffness in the material while crosslinking of inorganic regime increases the hardness value. Additionally, the decrease in hydrogen concentration leads to increase in hardness value in coatings. Several different nanoparticles have been used as nanofillers to increase the nanomechanical properties of the coatings. The nanoindentation hardness and modulus values are reported to increase with the addition of nanofillers. Similarly, scratch resistance and coefficient of friction also improved on addition of nanofillers. Dynamic nanoindentation could be effectively used to determine the viscoelastic properties of the coatings. Various relaxations phenomenon that appear due to the presence of nanoparticles and their interface with matrix phase could be investigated by using nanoindentation mediated dynamic mechanical analysis
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